(Received 11 September 2014; accepted 6 February 2015; published online 18 February 2015) We investigate carrier transport properties of silicon nanowire (SiNW) arrays decorated with TiO 2 nanoparticles (NPs). Ohmic conduction was dominant at lower voltages and space charge limited current with and without traps was observed at higher voltages. Mott's 3D variable range hoping mechanism was found to be dominant at lower temperatures. The minimum hopping distance (R min ) for n and p-SiNWs/TiO 2 NPs devices was 1.5 nm and 0.68 nm, respectively, at 77 K. The decrease in the value of R min can be attributed to higher carrier mobility in p-SiNWs/TiO 2 NPs than that of n-SiNWs/TiO 2 NPs hybrid device. V C 2015 AIP Publishing LLC.
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Silicon nanostructures have gained great attention in fabrication of future electronic devices such as solar cells, memory devices, photodetectors, thermoelectric devices, and biological applications. [1] [2] [3] [4] Silicon nanowires (SiNWs) are efficient for various applications due to their superior electrical properties. 5 Surface dominated transport 6 is important in nanostructures for various device applications. [7] [8] [9] [10] Surface passivation of nanostructures 11 by different organic and inorganic materials has been reported to tailor the sensing, optical, electrical, photodetection, and thermoelectric properties. 7, [12] [13] [14] [15] [16] Properties of SiNWs are highly dependent on density of surface states and doping level. 17 Oxide semiconductors are promising for many applications. 18 TiO 2 is one of the important oxide semiconductors and is proved to be suitable for photocatalytic, optical, and sensing applications. 19, 20 Hybrid SiNWs and TiO 2 nanoparticles (NPs) have shown enhanced electrical and photodetection properties. 12 Other nanoparticles decorated nanostructures have also been investigated to improve electrical, dielectric, thermoelectric, and photodetection properties. 12, 16, [21] [22] [23] Here, we investigate the effect of decoration of SiNW arrays with TiO 2 NPs on transport properties. As the surface of TiO 2 NPs is hydrophilic in nature, the enhancement in hydrophilic nature of SiNWs was observed due to the presence of TiO 2 NPs on SiNWs. This resulted in the enhancement of electrical current in p-SiNWs and reduction of current in n-SiNWs. Space charge limited current conduction (SCLC) is dominant conduction mechanism in both devices at intermediate voltages followed by trap free SCLC. Mott's 3D variable range hopping (VRH) mechanism was observed at lower temperatures in both devices. This type of detailed electrical transport properties and comparison between n and p-SiNWs decorated with TiO 2 NPs has rarely been investigated before.
Two separate devices "p-SiNWs/TiO 2 NPs" and "nSiNWs/TiO 2 NPs" were prepared using p and n-type silicon (100) substrates (resistivity of 1-10 X cm), respectively, under similar fabrication conditions. Silicon nanowires were synthesized by metal assisted electroless chemical etching (MACE) technique. 15 Solutions of HF and AgNO 3 were used to form Ag particles on the silicon substrate by galvanic exchange process. H 2 O 2 and HF solutions were then used for etching. Length of NWs depends upon the time of etching. 24 Synthesis of TiO 2 NPs was performed by co-precipitation method. Solution containing TiCl 4 (99.99%) and HCl (0.5M) was mixed under vigorous stirring. Solution of Na 2 CO 3 (2.1M) in deionized (DI) water was added drop wise under continuous stirring. When the pH of solution was around $8, large amount of white precipitates of TiO 2 NPs were formed. 12 These precipitates were then washed with DI water several times.
For device fabrication, 200 ll DI water containing TiO 2 NPs was spun onto already grown vertical SiNW arrays in multiple spinning steps. Spinning speed was 1000 rpm for 30 s during each step. After each spinning step, sample was dried in air at 50 C for 20 min. Finally, 10 nm Cr followed by 300 nm Au was sputtered to form metal contacts on both sides. No further heat treatment was performed. In both devices, the dimensions of prepared structures and overall device were identical, i.e., planar area (of devices), length, and diameter of SiNWs were 0.85 cm Â 0.85 cm, 40 lm, and 50-300 nm, respectively. shows the schematic representation of our final fabricated device having SiNWs decorated with TiO 2 NPs and having top and bottom metal contacts.
Temperature dependent current-voltage (IV) characteristics were performed using Agilent 4155 parameter analyzer with a probe station from 290 K to 77 K. In this section, we compare the transport properties of n-SiNWs/TiO 2 NPs and p-SiNWs/TiO 2 NPs hybrid devices. Figures 2(a) 27, 28 Usually, anatase phase is more hydrophilic in nature than rutile phase. 29 The TiO 2 NPs hydrophilic nature also enhances the possibility of sticking of TiO 2 NPs on surface of the SiNWs. Hence with the presence of TiO 2 NPs on the surface of SiNWs, the hydrophilicity of SiNWs increases. Figure 2(d) shows the schematic representation of band bending at SiNWs/TiO 2 NPs interface. Due to the presence of TiO 2 NPs on the surface of SiNWs; an electron from the SiNW is utilized by the TiO 2 NP to form chemical bond with SiNW. Therefore, due to formation of acceptor like states at SiNW surface in presence of TiO 2 NPs, the current in p-SiNWs increases 30 and decreases in case of n-SiNWs. With the addition of TiO 2 NPs on the surface of SiNWs, hydrophobic bonds left on the surface of SiNWs may convert to hydrophilic. Figure 3(a) shows the temperature dependent IV characteristics of p-SiNWs/TiO 2 NPs hybrid device from 290 K to 77 K. Figure 3(b) shows the ln-ln plot for exploring conduction mechanism occurring in our system. At higher temperatures (290 K-270 K), ohmic like conduction is dominant in the entire voltage range. This may be due to comparable work function between p-SiNWs and metals used for contact (Cr and Au). At lower voltages, p-SiNWs/TiO 2 NPs device shows ohmic like conduction in all temperature range (290 K-77 K). But at intermediate voltage, the value of slope ranges from $1.5 to 1.9 for 230 K-110 K. This region is referred to as charge injection region 31, 32 which is characteristics of onset of SCLC conduction mechanism. At lower temperatures (110 K-77 K), the value of slope is greater than 2 and shows typical SCLC behavior with traps. The IV characteristics are strongly dependent on various physical parameters (material, electrodes type, doping type, trap concentration, applied field, geometry, temperature, etc.). Injection of electrons and holes is usually controlled by potential barrier between interfaces and work function difference between metal electrodes and material. 33 At lower voltages, Ohm's law is dominant because injected carriers are negligible as compared to thermally generated free carriers. Under applied bias, concentration of free charge carriers can be increased. The space charge effect is attributed to the dissimilarity in concentration of injected carriers and the thermal equilibrium value. 34 Hence, injected carriers produce electric field and the current produced due to the presence of a space-charge effect is called the SCLC as indicated by the value of slope greater than 2.
Due to surface passivation with TiO 2 NPs on SiNWs, surface defects and localized traps are created. The presence of these defects can significantly hinder the passage of injected current. This observation is more prominent at lower temperatures where the captured electrons are stable as shown in our case at lower temperature (77 K). 35 When sufficient input voltage is applied, these traps are filled and get enough energy to leave the traps, known as trap free SCLC. 34 Figure 4(a) shows temperature dependent IV characteristics of n-SiNWs/TiO 2 NPs device from 290 K to 77 K. IV characteristics plotted on ln-ln scale are shown in Figure 4(b) . Ohmic like conduction is dominant at lower voltages at all temperatures for this device as well. But at intermediate voltages, SCLC is observed with slope ranging from $3 to 9. The higher values of slopes in comparison to the previous device show less conducting semiconductor or the presence of more traps. The difference in slopes can also be due to greater work function difference between n-SiNWs and metals used for electrical contacts. Since the presence of TiO 2 NPs on the surface of SiNWs creates acceptor like states (traps for electrons), therefore SiNWs become more resistive in this case and show strong SCLC. With the increase in voltage, these traps may be filled and trap free SCLC is observed. 36 In case of SCLC with exponential distribution of traps, the current density obeys power law dependence J $ V m given by
Here m ¼ l þ 1, H t is density of traps, e s is dielectric constant, e 0 is the permittivity of free space, l is the carrier mobility, N DOS is the density of states in the relevant band, and d is thickness. The IV curves are therefore straight lines with slope m on ln-ln plot. Generally, m increases with decrease in temperature. When IV curves are extrapolated, the curves tend to meet at single point as shown in Figure 4 (c). The meeting point is referred to as cross over voltage V c and is given by The calculated value of V c is 1.62 V as seen from Figure 4 (c). Using this value, Eq. (2) gives the value of H t to be 1.28 Â 10 12 cm
À3
. Conduction in nanowires at lower temperatures has been found to obey hopping mechanism 38 and depends on temperature and applied field. This is because carrier jumps to higher energy localized states facilitated by phonons or applied electric field. 39 As shown in Figures 5(a) and 5(b) below $170 K, the data obey Mott's 3D VRH given by Here, T 0 is the characteristic temperature and depends on density of states (N(E F )) and localization length (n) and is given by
In case of VRH conduction, a material requires many empty states and traps for hopping as indicated above. The presence of traps is already confirmed by trap limited SCLC transport in both of hybrid SiNWs devices. 40 The values of T 0 were obtained from slope of linear portion in Figures 5(a 
The values of R min as a function of temperature are shown in Figure 5 (c) for p-SiNWs/TiO 2 NPs device and n-SiNWs/TiO 2 NPs device. The values of R min decrease in both devices with increasing temperature as carriers require more energy for hopping at lower temperature. As discussed earlier, our pSiNWs/TiO 2 NPs show higher current than n-SiNWs/TiO 2 NPs. Hence, value of R min for p-SiNWs/TiO 2 NPs is smaller than that of n-SiNWs/TiO 2 NPs. This decrease in the value of R min shows that more energy is required for hopping electron from one state to another state in n-SiNWs/TiO 2 NPs and hence effective barrier for flow of current increases.
In conclusion, we have presented the transport properties of n and p-SiNWs/TiO 2 NPs hybrid devices. In comparison to n-SiNWs/TiO 2 NPs device, p-SiNWs/TiO 2 NPs device shows higher electrical current. Both devices show ohmic behavior at lower voltages but at intermediate voltages SCLC behavior is dominant. Mott's 3D VRH model fits the data at lower temperatures in both devices. The extracted R min value is lower for pSiNWs/TiO 2 NPs device than that of n-SiNWs/TiO 2 NPs device. This decrease in the value of R min can be attributed to higher carrier mobility in p-SiNWs/TiO 2 NPs hybrid device and effective barrier for flow of current decreases.
